Success of tyrosine kinase inhibitors
Introduction
Imatinib mesylate, a tyrosine kinase inhibitor (TKI), is now standard therapy for patients with chronic myeloid leukemia (CML), and Ͼ 80% of patients achieve a complete cytogenetic response (CCyR) and Յ 70% may achieve a major molecular response (MMR) by 5 years of therapy. 1 Newer therapies with other TKIs (eg, dasatinib, nilotinib, bosutinib) are effective after imatinib mesylate failure and more recently have shown superiority as frontline therapy compared with imatinib mesylate. [2] [3] [4] [5] [6] [7] [8] However, all these medications are usually administered indefinitely (lifetime of patient). 9 The various TKIs may have immunomodulatory effects as suggested by the in vitro inhibitory effects on T-cell proliferation and activation by imatinib mesylate, nilotinib, and dasatinib. [10] [11] [12] On the basis of these effects and its inhibition of the PDGFR pathway and antifibrotic properties, imatinib mesylate is being investigated in the treatment of chronic GVHD with sclerotic features. 13 Other TKIs such as dasatinib also inhibit other kinases, such as SRC kinases, that are key regulators of immune responses. 14 Dasatinib was in fact originally developed as an immunosuppressive agent. 15 The success of TKIs in CML has given patients hope for a long disease-free survival. However, with prolonged survival, questions arise about the possibility of late effects of TKI treatment, including the possibility of developing other malignancies. One previous report suggested an unexpected increased incidence of cancers among patients treated with imatinib mesylate after failure to IFN. 16 In response to that report, Novartis (imatinib mesylate manufacturer) reported in a letter that their intracompany epidemiologic analysis showed 110 second primary malignancies in 9518 patients from their global database, with no evidence of increased incidence of prostate cancer or any other malignancy. 17 The database for that report continues to mature with a mean time-atrisk for the trial population of 1.16 years (range, 0-4.91 years). These data, although valuable, may be limited because not all instances might be reported, and the follow-up is relatively short. Thus, there is still lack of data about long-term risks of TKI therapy.
We thus analyzed our CML patient population to investigate the frequency and characteristics of second malignancies (other than acute myeloid leukemia, acute lymphocytic leukemia, or myelodysplastic syndrome) among patients with CML or other hematologic malignancies (myeloproliferative neoplasm [MPN]) treated with TKI.
Methods

Patients
All patients with Ph-positive CML or MPN treated with a TKI at M. D. Anderson Cancer Center between November 1998 and April 2010 were included in this analysis. The criteria for various phases of CML were as described. 18 All patients were treated with a TKI at various doses as part of a series of phase 1 and phase 2 studies. These studies were approved by The University of Texas M. D. Anderson Cancer Center Institutional Review Board, and all patients signed approved informed consents in accordance with the Declaration of Helsinki.
Evaluation of patients
All patients had a history and physical examination, complete blood counts, and blood chemistry before the start of therapy and every month for the first 3 months, then every 3 months until 12 months from the start of therapy, and then every 6 months. Cytogenetic response was assessed by G-banding assessed in the BM with Ն 20 metaphases counted, and molecular response was assessed by real-time PCR. Both cytogenetic and molecular response assessments were performed at baseline, every 3 months for the first 12 months, and then at least every 6 months. Response and relapse criteria were as previously reported. 19, 20 
Statistical analysis
Overall survival was determined from the start of therapy with TKI to death from any cause or last follow-up. To determine whether the number of patients in our patient cohort who developed malignancies after treatment for CML was excessive, we computed standardized incidence ratios (SIRs). These, essentially, are the ratio of the number of patients who developed subsequent invasive cancers (excluding nonmelanoma skin cancer) in our population (O ϭ observed) compared with the number of cases expected (E ϭ expected) to occur if the US population rates were applied to the same cohort. The latter number was determined with age, sex, and calendar year-specific incidence rates from the SEER (Surveillance, Epidemiology and End Results) data applied to the relative person-years at risk from our population. To calculate the SIRs (O/E) we used the Cohort Analysis for Epidemiology and End Results program. 21 For SIRs, person-years at risk were calculated from the start of therapy with TKI to the date of the second cancer diagnosis, death, or date of last contact, whichever came first. The 95% confidence intervals (CIs) and P values for the SIRs were determined by assuming a Poisson distribution for the observed number of patients with subsequent cancers. A 2-sided test was used to test the equality of the observed and expected number of patients with cancer. We included only those patients who had received TKI treatment for Ն 12 months.
Results
The , and 51 patients (77%) with 57 cases of second cancers (55 cases of other second cancers; ie, cancers other than nonmelanoma skin cancers, and 2 patients had both a nonmelanoma skin cancer and another different second cancer; Table 2 ). Thirteen of these patients (21%) had a prior diagnosis of cancer, in all instances in remission at the time TKI was initiated; in 2 of them the cancer that occurred after start of TKI was the same as their prior cancer, both of them breast cancer, with initial remission duration of 108 and 112 months by the time of CML diagnosis, and relapsed 39 and 56 months after the start of TKI therapy, respectively. †Forty-five patients with 1 other second cancer, 4 with 2 other second cancers, 2 with other second cancer ϩ nonmelanoma skin cancer (55 nonskin cancers, and 2 nonmelanoma skin cancers).
‡Eight patients with 1 skin cancer, 4 with 2 cancers, and 2 with 3 cancers (total 22 cancers).
§Forty-three patients with 1 other second cancer, 4 with 2 other second cancers, 2 with other second cancer ϩ nonmelanoma skin cancer (53 nonskin cancers, and 2 with nonmelanoma skin cancers).
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The most common second cancers were nonmelanoma skin cancers (BCC and SCC), representing 31% of all cancers; these were generally treated with simple or wide excision and cured. The details of various types of second cancers that developed are shown in Table 3 . Of the 49 patients with CML with other second cancers (ie, cancers other than nonmelanoma skin cancers), 43 patients (88%) had 1 additional second cancer, 4 patients (8%) had 2 additional other second cancers, and 2 patients (4%) had 1 additional other second cancer plus a skin cancer (SCC) besides the CML. There were 4 patients with CML with 2 second cancers other than nonmelanoma skin cancers diagnosed at different time points. These included 1 patient with melanoma and CLL, 2 patients with melanoma and prostate cancer, and 1 patient with prostate cancer and CLL. Importantly, all the melanoma cases occurred in white patients. The treatments given for these cancers and the responses to treatment are depicted in Table 3 . The skin cancers and melanomas were scattered and not localized to any particular anatomical site. Two patients with CLL were diagnosed with flow cytometry after showing abnormal peripheral blood cell counts while still maintaining CCyR on imatinib mesylate and had received imatinib mesylate for 65 and 70 months before diagnosis of CLL.
The median time from start of TKI therapy to diagnosis of the initial second cancer was 39 months (range, 2-98 months). The best response to TKI at the time of detection of the second cancer, was CHR in 16 patients (20%), minor cytogenetic response in 3 patients (4%), partial cytogenetic response in 4 patients (5%), and CCyR in 52 patients (65%). The outcome of CML/MPN after the development of other second cancers (cancers other than nonmelanoma skin cancers) was mostly unchanged or with continued improvement of response, with loss of response in only 1 of 55 patients (2%) and unknown outcome in 1 patient with MPN ( Table 4 ). The 1 patient with CML who lost response had received imatinib mesylate for 62 months and dasatinib for 10 months, had only a CHR at the time of developing adenocarcinoma of the rectum, did not receive any therapy for the second cancer, continued dasatinib, lost his CHR, and finally died in AP after 10 months. We also calculated the SIRs from the observed number of cases with second cancers compared with the expected number from the SEER data (Table 5) . Among the 63 patients with CML, there were 49 patients with other second cancers (second invasive malignancies) and 44 patients with second cancers diagnosed Ն 12 months after treatment were included in the analysis. The number of other second cancers observed was smaller than expected in this patient population (SIR, 0.6; 95% CI, 0.44-0.81). Analyzing the SIR by age and sex, there was no increased incidence of other second cancers (ie, cancers other than nonmelanoma skin cancers), among men or women, or in younger (Ͻ 60 years) or older (Ն 60 years) patients. We then analyzed the frequency of individual cancers.
Although the statistical power to analyze individual cancer sites was limited, there was an increased risk of melanoma, kidney, and endocrine cancers whereas rates of prostate, breast, and digestive system cancers were lower than expected according to the SEER data. On the basis of the 44 secondary cancers and 9038 personyears, we calculated an annual incidence rate of 0.47 cases of invasive cancers per 100 patients treated with TKI.
Discussion
With the success of TKI therapy, more patients with CML are now achieving molecular and cytogenetic responses than what was achieved previously in the IFN era, and this has translated into an improved survival. 22 As a result of this, patients with CML are no longer dying from, but with CML, and are living long enough to get other medical problems. The long-term effects of prolonged TKI therapy are still being assessed because imatinib mesylate became standard frontline therapy only in 2001, and therapy is continued indefinitely.
A 2-year preclinical study in rats 23 on oral carcinogenicity of imatinib mesylate at doses of 15, 30, and 60 mg/kg showed neoplastic changes in kidneys, urinary bladder, urethra, preputial and clitoral glands, small intestine, parathyroid glands, adrenal glands, and nonglandular stomach. Renal adenoma/carcinoma, urinary bladder and urethra papillomas, small intestine adenocarcinoma, parathyroid glands adenoma, benign and malignant medullary tumors of the adrenal glands, and papilloma/carcinoma of nonglandular stomach were observed at 60 mg/kg per day, representing ϳ 1.7 times and 1 time the human daily exposure (according to area under curve) at 400 and 800 mg per day, respectively. Papilloma/carcinoma of the preputial/clitoral glands was noted at doses 30 mg/kg per day and higher, representing ϳ 50% of the human daily exposure (according to area under curve) at 400 mg per day. Because these findings were based on rat models, their relevance for humans is not known.
The incidence of second cancers has been investigated after other interventions for CML and other leukemias. In a multiple institutional cohort of 28 874 allogeneic transplant recipients (26% had CML, and 74% had other leukemias) the investigators reported 189 second cancers. 24 Their analysis suggested that patients developed new solid cancers at twice the rate expected on the basis of general population rates (observed-to-expected ratio, 2.1; 95% CI, 1.8-2.5). Significantly increased risks were observed for tumors of oral cavity, liver, brain and CNS, thyroid, bone, soft tissue, and melanoma of the skin. In an analysis of 112 pediatric patients after hematopoietic stem cell transplantation (5% had CML, and 95% had leukemias), 8 patients (7%) developed second cancers: 3 brain/CNS cancers, 1 tongue cancer, 2 melanomas, 1 abdominal tumor, 1 uterine cancer, and 1 testicular cancer (1 patient had 2 cancers). 25 In another study of 4318 allogeneic transplantations for patients with acute myeloid leukemia and CML, 66 solid cancers were observed at a median of 6 years after transplantations. 26 This study suggested that transplant recipients had 1.4 times higher rates of invasive solid cancers than did the general population (95% CI, 1.08-1.79; P ϭ .01). Significantly elevated risks were observed for tumors of the oral cavity, esophagus, lung, soft tissue, and brain. In a meta-analysis of cancer incidence after HIV/AIDS versus immunosuppressed solid-organ transplant recipients (kidney, liver, heart), the investigators found increased rates of all AIDS-defining cancers, as well as those of lymphoma, cancers of liver, stomach, lung, kidney, bladder, myeloma, leukemia, melanoma in both these patient populations; whereas rates of other epithelial cancers (breast, prostate, colon) were the same or lower as the general population. 27 The investigators concluded that increased rates of cancers were found at a very large range of sites and that immune deficiency, regardless of the mechanism of this deficiency, were responsible for the increased risk. There have also been scattered reports of coexistence of CML with other lymphoid malignancies such as CLL 28, 29 and multiple myeloma. 30 In our analysis, the overall SIR of second cancers was 0.60 (95% CI, 0.44-0.81), suggesting a lower than expected rate of malignancies in patients treated with TKI, although the incidences of melanoma, endocrine tumors, kidney cancers, and CLL were higher than expected. Our results are in contrast to the observations by Roy et al of an unexpected increase in cancers among patients treated with imatinib mesylate. 16 The reason for these discordant results is not known. Considering the long-term therapy with TKI required for patients with CML, it is reassuring that no increased occurrence of malignancies is observed. It is tempting to speculate that the lack of increased incidence of cancers might be applicable to all TKI, but this needs to be confirmed because some agents (eg, dasatinib) may have more immunosuppressive properties that might affect the development of second cancers, although no such effect has been reported to date. Thus, continued observation is required to investigate a possible further delayed effect.
In conclusion, second cancers occur in a small percentage of patients receiving therapy with TKIs for hematologic malignancies, mostly CML. Analyzed in the context of the underlying lifetime risk of developing cancer by the general population and in patients who survive cancer, no evidence at the moment suggests that exposure to TKIs is carcinogenic. Continued long-term monitoring of these patients and reporting of any patients who develop second cancers are warranted to further define any possible longer-term risks.
